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Abstract 
 
An Equivalent Continuum Model (ECM) is proposed in order to represent the hydromechanical 
behaviour of the fractured Excavation Damaged Zone (EDZ) around deep underground galleries 
excavated in claystone. The fractures observed in these galleries show a regular trend that makes 
possible elaboration of ECM based on theoretical homogenization methods. The ECM established 
first for plane fracture surfaces is then extended to curved, conical shape, fractures surfaces based on 
some simplification assumptions. The stress and displacement fields have been compared around the 
EDZ by using the ECM in numerical simulation or by introducing the fractures individually as 
discontinuities in the model. The results show that however the size of EDZ is too small compared to 
that of Representative Elementary Volume (REV) considered in homogenization approaches, the 
ECM obtained in this way seems reproducing well the fractured EDZ behaviour.   
 
 
 
1. Introduction 
The Excavation Damaged Zone (EDZ) around deep underground galleries excavated in claystone 
for the Underground Repository Laboratory (URL) includes several zones showing different types of 
cracking and/or fracturing. In the vicinity of the wall of the URL galleries, a fractured zone is 
observed that spreads out on a distance from 1m to 3m from the wall (ANDRA 2008). At a larger 
distance from the wall another zone with micro-cracks is observed. The first zone includes different 
families of fractures with different geometries and origins. The zone called EDZ by ANDRA contains 
a dense and highly connected fractures network. In this paper, the zone called fractured EDZ contains 
mainly a family of shear fractures called “chevron”, that have approximately the shape of conical 
surfaces slightly flattened with respect to the horizontal plane (Figure 1). 
 
  
     (a)      (b)    
Figure 1. Fractured EDZ around deep galleries in claystone (a): fractures outcropping on the wall 
(photo), (b): geometrical model of fractures (GEOTER 2011) 
 
 
The chevrons observed in the galleries at a depth of 490 m are regularly spaced from 50 cm to 1 m 
apart along the axis of the gallery, making an angle of about 45° with this axis (GEOTER 2011) 
(Figure 2a). These fractures have a significant effect on the hydromechanical properties of the EDZ. 
Due to the large number of fractures, introducing them individually in the modelling leads to heavy 
and not easy to handle numerical models and to too long calculations. In this context, it is fruitful to 
determine a Equivalent Continuum Material (ECM) for the EDZ, which includes the effects of the 
fractures. The authors do not want to predict or explain here the origin and development process of 
the existing fractures. Based on the exisence of these fractures, this paper focuses on the elaboration 
of ECM for the fractured EDZ. This model takes into account the fracture effects under the 
assumption of their constant geometry, in order to enable predicting the behaviour of the EDZ and its 
evolution for futures loads applied on the gallery. 
 
In the following section, an ECM for the chevron fractures of the EDZ is proposed. First, the 
constitutive equations for the the two constituents of the heterogeneous medium, i.e. the intact rock 
and the fractures or joints are defined. Then, the ECM is built using homogeneization techniques, 
based on the approximation of chevron fractures by their tangent planes. By allowing the normal 
vector n to the fracture plane and the spacing D of fractures to vary from one point to another, the 
model can be extended to more complex fracture geometries. Lastly, the validation of the ECM is 
done by comparing the results obtained by discontinuous and continuous computations. The 
discontinuous modelling correponds to introducing the discret fractures in the numerical model. 
 
 
 
    (a)    (b)         (c) 
Figure 2. Schematic representation chevron fractures in (a) a vertical plane (b) a horizontal plane (c) a 
vertical plane perpendicular to the axis (ANDRA, 2008). 
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2. Continuum Equivalent Model 
2.1  The Representative Elementary Volume 
 
The EDZ is not very large compared to the fractures size, so the condition of a macroscopic scale 
infinitely larger than the microscopic scale (scale of heterogeneities that here are the fractures) 
required for homogenisation or upscaling approaches is not satisfied in this case. The REV is 
considered as a portion of the EDZ representing the fractures geometry that has approximately the 
same size that the fractures. So, it may be not fully justified to apply a homogenization approach. 
However, this approach will be used in this paper to define the ECM and the result will be tested by 
the numerical simulation. 
 
For this purpose, the geometry of the fractures is first simplified and assumed to correspond to 
conical surfaces with axial symmetry around the axis of the gallery (Figure 3). 
 
The local behaviour of the ECM is deduced from the model of an infinite medium containing a 
family of planar, parallel and equidistant fractures (Figure 4) perpendicular to a unit vector n. This 
behaviour has thus the axial symmetry around the axis n. 
 
First, we determine the behaviour on one point of the EDZ with the assumption that there is locally 
a family of infinite plane and equidistant fractures. To account for the actual geometry of the 
fractures, the parameters of the model, i.e. the orientation and the spacing between fractures, will be 
given, in the next steps of modelling, values depending on the point considered in the EDZ. 
 
     
   (a)      (b) 
Figure 3: Geometry of the conical fractures in the global coordinate system, 
(a) along ezand (b) in a 3D view. 
 
  
2.2. Elastic behaviour 
 
This section focuses on the development of the elastic behaviour of  the ECM. The geometry of the 
model presents axial symmetry around the normal vector to the fractures planes. The elastic 
homogenized behaviour of the EDZ, has the transverse isotropy around the axis n and depends on five 
intrinsic parameters.  By taking n for the third axis of coordinates, the five independent parameters are 
the components s11, s33, s12, s13, s44 of the compliance matrix shown at equation (1). 
 
 
 
 
Figure 4. Geometrical model for a material with infinite planes and equidistant fractures 
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These parameters are related to the Young’s modulus E of the rock matrix, its Poisson’s ratio ν and 
its shear modulus G=E/[2(1+ν)], the normal and tangent elastic stiffness of the fractures kn and kt , 
and the fractures spacing D , by the following relations: 
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All the coefficients of the elastic part of the ECM are now determined in the local system of the 
coordinates related to the fractures plane. The next step consists in writing the elastic tensor function 
of the coordinates of the local unit normal n in the global system of coordinates related to the galery’s 
axis. For this purpose, the components of the stifness tensor, cαβ are deduced from inversion of the 
compliance tensor to find: 
 
 c11 = (1+Mn-ν2) E/M,  c12 = ν (1+Mn+ ν)E/M, c13 = ν (1+ν) E/M 
 c33 =  (1-ν2) E/M, c44 = E/[2(1+ν)+Mt]    (3) 
with: 
M =(1+ν)[(1+Mn)((1-ν)-2 ν2],    n
n
EM
K D
= ,   t
t
EM
K D
=    (4) 
 
Then the stiffness tensor in the global coordinate system is expressed as: 
 
 Cijkl = b1δij δkl + b2 (δik δjl +δil δjk)+b3 (δij nk nl +δkl ni nj)  
  + b4 (δik nj nl +δil nj nk + δjk ni nl +δjl ni nk) + b5 ni nj nk nl                           (5)  
 
with the coeficients b1 to b5 defined by: 
 
 	
b1 = c12, b2 = (c11-c12)/2,  b3 = c13 - c12,   b4 = c44-(c11-c12)/2,   b5 = c33 +c11-2c13 -4c44 (6) 

The vector n introduced in (5) is the unit normal to the fractures plane that varies around the EDZ 
and is calculated at every point of the EDZ. According to its representation at Figure 3 for conical 
fractures, its compoments in the global cylindric coordinate system can bewritten as follows: 
 
  n1 = cosα cosθ, n2 = cosα sinθ,  n3 = sinα   (7) 
If the chevron fractures of the gallery are approximated by conical fractures around the axis of the 
gallery, the parameters b1 to b5 are constant everywhere, and n is given by (7) with constant angle α. 
This technique allows to consider fractures shapes more complex than the conical ones, for instance 
for curved surfaces, by supposing that n and D are depending on the position around the gallery, and 
so function of r and θ. 


2.3. Plastic behaviour 
 
The irreversible and instantaneous strains of the homogeneized EDZ can be modeled using an 
elastoplastic law. The mechanisms of the EDZ plastic strains are the key to determine the plastic 
criterion and potential accurately for the homogenized EDZ behaviour. The plastic strains can come 
either from the rock matrix or from the fractures. For the rock, a non associated Drucker-Prager law 
(Drucker and Prager, 1952), was chosen, as it has been applied successfully to the study of the 
elastoplastic strains of the Callovo-Oxfordian claystone (Conil et al., 2004a,b; Hoxha et al., 2007; 
Abou-Chakra Guéry et al., 2008). The yield function FR and the plastic potential GR for the rock 
matrix have the same form: 
 
FR (σ) =  q + γ σm – C0 , GR (σ) =  q + β σm    (8) 
where γ and C0 are two materials parameters, σm= (σii)/3 and q = (3J2)1/2 where J2 is the second 
invariant of the stress tensor: J2= ss/2 with sij the stress deviator tensor: sij =σij-(σm)δij.
 
The plastic behaviour of fractures is described by a non associated Mohr-Coulomb criterion: 
 
FF(σ) = ||τ || + σn  tan φ - C,  GF(σ) = ||τ || + σn  tan ψ   (9) 
 
with: 
  σ  = σ.n, σn  = n.σ.n  ,   ( ) 2. . . . .n n n nτ = −σ σ σ   (10) 
 
The elastic domain of the homogenized EDZ material is the intersection of the elastic domains of 
fractures and rock matrix, defined hence by: 
 
 FH(σ) <0     (11) 
 
where the homogenized criterion FH(σ) is given by: 
 
FH(σ) = Max { FR(σ), FF(σ)}                 (12)
    
The plastic strain rule of the homogenized EDZ is defined as a multi-mechanisme plastic yield rule 
(Halphen & Nguyen, 1975; Pouya,1993, 2004) by the following equations: 
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The mechanical parameters chosen for the intact rock and fractures are given in the Table 1. 
 
 
3. Numerical simulation 
 
The ECM derived in the previous section is implemented in the Finite Elements codes CESAR-
LCPC and applied to the modelling of underground galleries dug in the Meuse Haute-Marne URL. 
According to data provided by ANDRA (ANDRA, 2005), the EDZ can extend to a distance of 3m 
from the wall. The numerical simulations are made on a 3m radius gallery (Figure 5), with a depth of 
excavation of 20m. The axis of the gallery, vertical in the figure, is horizontal for the real gallery. The 
studied system has a width of 18m and a height 35m. The axial symmetry of the geometry is a strong 
hypothesis, since the data provided by ANDRA (ANDRA, 2008) show that the extents of the chevron 
fractures are not perfectly regular. However, this hypothesis simplifies significantly the computations 
and allows the validity demonstration of the ECM proposed here above. To this purpose, several sets 
of computations are run. Complexities like the curved aspect of fracture surfaces and the plastic 
behaviour are introduced gradually in calculation. In the first set of simulations, chevron fractures are 
approximated by conical surfaces and elastic behaviour. In the second one, the curvature of the 
chevrons is modelled using an approximate hyperbolic shape according to observation data. The 
plasticity is then introduced in these calculations. For each set, two types of modelling, one by ECM 
and the other by introducing individually the fractures in the model as joint elements (Pouya et al., 
2009) are computed.  
 
The in stresses have been estimated by (ANDRA, 2005). To reproduce the in situ conditions of the 
URL, compression stresses of 12.7 MPa and 12.4 MPa (or 16.5 MPa according to the orientation of 
the gallery) are applied on the right edge and at the bottom of the model respectively. Displacements 
along the minor stress σh are blocked on the top of the model, and displacements along the major 
stress σH are blocked on its left edge. The wall of the gallery is stress-free. Values of the mechanical 
parameters are given in Table 1. 
 
The mesh used for chevron fractures computations as well as the boundary conditions are 
presented at Figure 5. In this figure the fractures of the EDZ can be seen (red lines) as introduced in 
the model. 
 
Table 1. Mechanical parameters of the intact rock and of fractures 
Intact Rock E (GPa) ν C (MPa) φ = ψ (°) 
 4.0 0.3 4.5 25 
Fractures α (°) D (m) Kn (MPa/m) Kt (MPa/m) 
 45 0.42 3000 1000 
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Figure 5. Mesh used for the conical fractures computations 
 
 
4. Results and Discussion 
The results of the stress and displacement fields obtained in the simulations described in previous 
sections allow the comparison between the ECM and the discontinuous models. Here we focus on the 
comparison of displacement fields. The radial displacements on the wall of the gallery are presented 
in Figure 6. The Figure 6a displays the results for the elastic fractures with curved surfaces. The curve 
in red presents the displacement at the wall of the gallery obtained with the discontinuous model 
(fractures modelled individually). The displacements obtained by using the ECM are displayed in 
green. A good agreement between the two curves is observed. The difference between the two curves 
at the bottom of the figure is due to some border effects at the bottom of the domain. Figure 6b 
displays the same results for elastoplastic behaviour of the intact rock and fractures. 
 
  
   (a)      (b) 
Figure 6. Comparison between the ECM and the discontinuous modelling for the (a) elastic and (b) 
elasto-plastic behaviours of chevron fractures 
 
 C
The figure 7 displays the contours of radial stress around the gallery obtained in another simulation 
process (a little different geometry) first by discontinuous modelling and then by ECM for the case of 
curved surface fracture with elastoplastic behaviour. Due to the increased complexity of the model 
(plasticity), the ECM model becomes more approximate and there is a little more difference between 
the results of the two types of modelling. However the concordance can be considered sufficient for 
engineering purposes given that the ECM brings a great simplification in numerical modelling. 

 
(a)        (b) 
Figure 7. Contours of the radial stress (σrr, MPa) around the gallery obtained by discontinuous 
modelling of elasto-plastic curved chevron fractures (a) and by ECM (b) 
 
Finally, the figure 8 represents the contour of the plastic deformation zone around the gallery obtained 
by different ECM established for different zones around the gallery. The strong anisotropy of the 
ECM that is related to the direction of discrete fractures give special trends to the plastic zone contour 
in this figure. 

Figure 8. Contours of the plastic strain around the gallery obtained by using in different ECM in 
different zones around the gallery with different distributions of cracks and fractures. 
 D
 
5. Conclusions 
An equivalent continuum model (ECM) for the chevron fractures in the EDZ around the galleries 
of the underground repository laboratory in claystone is proposed. After deriving the general 
expression of this ECM, it is implemented in a Finite Elements code with specific parameters of a 
fractured claystone. The ECM approach is validated by comparing the results of numerical 
simulations carried out with this model and those corresponding to direct or the discontinuous 
approach in which the fractures are modelled individually by joint elements. The good agreement 
between the two models shows the capabilities of the ECM to reproduce the discontinuous behaviour 
of the EDZ using a continuum approach. This approach has been extended to the hydraulic and 
coupled hydromechanical behaviour of the EDZ and satisfying results have been obtained. 
 
The main conclusion from these results is that, however the REV size is not attained for the EDZ 
around underground galleries containing chevron fractures, the upscaling method allows to obtain an 
ECM which represents well the hydro-mechanical behaviour of this zone. 
The use of a simplified ECM model for the elastoplastic behaviour of the EDZ allows introducing, 
in a next stage, more complex phenomena like viscosity and creep or effects of bolting for the study 
of the galleries behaviour that can not be easily introduced in a discontinuous model of EDZ including 
fractures.  
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